Abstract Total arsenic (As) in suspended particulate matter (SPM) of lacustrine ecosystems has been extensively documented, but knowledge on the distribution of As between the particle and aqueous phases in freshwater lakes remains largely unknown. The present study employed a rapid method to determine the total and dissolved As and As in SPM at sites covering the entire areas of three large shallow lakes in China, e.g., Taihu, Chaohu, and Dianchi, to obtain a Brepresentativem ean value of the As concentration in various phases. The average concentrations of total and dissolved As were below 6.0 and 3.3 μg/L, respectively. Arsenic in SPM was much higher than that in waters, as ranging from 24.7 to 516 μg/g. Lake Taihu exhibited extensive seasonal variation both in total and dissolved As, while little difference was observed in SPM concentration, with an average value of 54.2 and 49.3 mg/L in winter and summer, respectively. Among the algae in the three lakes, Cyanophyta dominated in both cell abundance and biomass. Algae mass occupied significant parts of SPM, especially in Dianchi; the proportions of algae in the SPM fractions were measured as 10.4 and 7.1 % in Taihu in winter and summer, 4.5 % in Chaohu, and 53.3 % in Dianchi, both in summer season. The total As in SPM had a significant positive relationship with total As in water and a high distribution coefficient (Kd) between SPM and dissolved fraction of As at all three lakes. The high proportions of Algae, especially Cyanophyta in the composition of SPM in the three large shallow lakes, might play an important role in affecting the As distribution between the aqueous and particulate phases in aquatic ecosystem.
Introduction
Arsenic (As) is a ubiquitous and carcinogenic metalloid element found in soils, air, natural water, and living organisms (Mandal and Suzuki 2002) . In recent years, a variety of sources, including mining, smelting, waste disposal, combustion of fossil fuels, use of arsenical pesticides and herbicides, and other human activities, have significantly elevated As in the environment (Smedley and Kinniburgh 2002) . Shallow freshwater lakes are essential to the drinking water supply and are typically one of the major sinks for discharged As (Linge and Oldham 2002; Nikolaidis et al. 2004 ). In aquatic environments, As is distributed among the aqueous phase, suspended particulate matter (SPM) and sediments (Pertsemli and Voutsa 2007) . SPM can play an important role in controlling the reactivity, transport, and biological impacts of As and other substances in the aquatic environment, and provides a crucial link for chemical constituents between the water column, bed sediments, and food chain (Kar et al. 2013 ).
Arsenic distribution characteristics have been extensively documented in several freshwater lakes, in efforts to understand the migration and adsorption capacity of pollutants between the particle and aqueous phases and to evaluate the potential ecological risks to aquatic ecosystems (Huo and Chen 1997; Zheng et al. 2013 ). In natural waters, As can be rapidly adsorbed onto suspended solids from the aqueous phase, precipitated, and ultimately transported to sediments as a result of changes in physical, chemical, and biological factors. Factors influencing the allocation of As in freshwater lakes have been studied in recent years (Nguyen et al. 2005) . Zheng et al. (2013) found that sediment resuspension had a remarkable impact on the release of contaminants, and SPM adsorption might be strengthened when hydrodynamic conditions became intensified. Geng et al. (2015) also reported the effects of wind-wave disturbance on the partitioning of As between the aqueous and suspended solids in the surface layer; they found that dissolved As increased, while the corresponding As in suspended solids decreased, with increasing wind speed.
Eutrophication promotes the multiplication of primary producers, like phytoplankton in lakes, which can significantly impact As circulation in aquatic systems (Hasegawa et al. 2009; Sohrin et al. 1997 ). Since PO 4 and As(V) have similar chemical properties, phytoplankton might competitively intake As(V) in addition to phosphate (Hasegawa et al. 2010) . Therefore, biological activities, such as growth, density, and reproduction of phytoplankton and other aquatic organisms, can likely influence variations in As occurrence (Rahman and Hasegawa 2012) . The seasonal distribution of As in lakes has also been extensively documented in recent decades. Total As concentrations in summer being higher than those in winter were reported in several lakes. In these lakes, inorganic As was released to the bottom layer of the water column from sediments under anaerobic conditions in summer, whereas in winter, As(V) was adsorbed onto Fe/Mn oxides and settled into sediments (Takamatsu et al. 1985; Barringer et al. 2007; Hasegawa 1997) . In shallow and eutrophicated lakes, wind wave and constitutions in SPM may greatly affect the As occurrence and distribution between the water and SPM phases; however, these were still largely unknown up to now. This is partly due to that As in large shallow lakes are quite heterogeneous, the balance of adsorptiondesorption between the solid and water phases is difficult to obtain.
The objectives of the present study were (1) to determine the As concentration in the aqueous and SPM phases of surface waters in Lakes Taihu, Dianchi, and Chaohu, the three most polluted shallow freshwater lakes in China, and (2) to characterize the As distribution between the water and solid phases, and the impact of organic composition, mainly the algae mass, on the distribution characteristics.
Materials and methods

Study area
Lake Taihu is the largest lake in the eastern coastal region of China and the country's third largest freshwater lake (Zhang et al. 2014) . It is located in the southern Jiangsu Province and the northern Zhejiang Province, covering an area of 2338 km 2 with a mean depth of 1.9 m (Hu et al. 2010) . It plays an important role in people's daily lives and industrial production in the region. It is also a repository for wastewater from urban centers and nearby agricultural and industrial segments with a rapidly growing local economy .
Lake Chaohu, located in the Anhui Province of East China, is the fourth largest freshwater lake in the country. It is a typical large, shallow, subtropical lake that covers an area of 780 km 2 and has a mean water depth of 2.7 m. Because of the agricultural intensification in recent decades, deterioration of the aquatic environment in the lake Chaohu Valley has become a serious environmental problem (Tang et al. 2010) .
Lake Dianchi is the largest freshwater lake in Yunnan, with serious eutrophication since the 1990s. The lake body is approximately 40 km long and 12.5 km at its widest point, with an average water depth of 4.7 m and an area of 292 km 2 . With the development of agriculture, industry, and urbanization in the region, increasing sewage discharge has altered the freshwater biodiversity structure (Du et al. 2011) .
Lakes Taihu, Chaohu, and Dianchi are the three most seriously polluted large shallow freshwater lakes in China and are also the three priority lakes selected by the Chinese government for water pollution control (Zhang et al. 2012) .
Sampling
Surface water samples were collected at specific intervals from the above three lakes (Fig. 1) . In June and December of 2013, 30 sites were sampled in Taihu, including 15 in Meiliang Bay (M1-M15) and 15 in Gonghu Bay (G1-G15). In July of 2013, 40 sites were sampled in Chaohu, including 20 in the eastern (C1-C20) and 20 in the western (C21-C40) areas of the lake. In September of 2013, 25 sites were sampled in Dianchi, including 8 sites in Caohai (D1-D8) and 17 sites in Waihai (D9-D25). At each sampling site, water quality parameters, including temperature (T), pH, dissolved oxygen (DO), and chlorophyll-a (Chl-a), were measured using a multiparameter water quality analyzer (Aquaread AP-2000, UK; Table 1 ).
Water samples were taken with a water sampler (2 L capacity) approximately 20 cm beneath the surface, and then transported in 500-mL acid-washed polyethylene bottles. Three fractions were obtained for each surface water sample: (i) total, (ii) dissolved, and (iii) suspended particulate matter. After sample collection, approximately 400 mL of the water sample were filtered immediately through dry pre-weighed 0.45-μm cellulose acetate membrane filters (Beijing Beihua Sunrise Barrier Separation Technology Co., Ltd., China) by diaphragm vacuum pump filtration, which produced an air pressure of 5.3 kg/cm 3 to yield the dissolved and SPM fractions. The membranes were then dried in an oven (105°C) to a constant weight and then re-weighed. The SPM concentration (mg/L) was estimated by the difference in weight between the filter with and without particles divided by volume of filtered water. For each 500-mL water sample, 2-3 drops of concentrated nitric acid were added for As analysis while samples for TN and TP were preserved with 1 mL of a mixture of ultrapure H 2 SO 4 and water (1:1, v/v). All samples were stored at low temperatures in the dark and transported back to the laboratory for analysis within 1 week.
Analysis
Reagents for acid digestion, including 70 % nitric acid (metaloxide-semiconductor (MOS) grade, Beijing Institute of Chemical Reagents, Beijing, China), 71 % perchloric acid (HClO 4 , guaranteed reagent (GR) grade, Sinopharm Chemical Reagent Beijing Co., Ltd, Beijing, China), and deionized water (18 MΩ•cm) were used. For each sample, 20 mL of water was placed in a Teflon container with the addition of 8 mL of HNO 3 and 1 mL HClO 4 , and then heated at 180°C on an electric hot plate until no white smoke arose. The digested solution was evaporated to near dryness and then cooled to room temperature. The solution was transferred to 25 mL with 5 % HNO 3 in a graduated test tube, rinsing the digestion vessel several times with ultrapure water during transfer. After pretreatment, the As concentration in the digested solutions was analyzed on a hydride generation-atomic fluorescence spectrometer (HG-AFS; AFS-8230, Beijing Titan Instruments Co., Ltd., China). The detection limit of AFS for As was 0.01 μg/L, and the analytical method precision (RSD) was within 10 %.
Total nitrogen (TN), total phosphate (TP), and the qualitative and quantitative phytoplankton determinations were performed at the Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences. The TN and TP were measured using ultraviolet spectrophotometry (Ebina et al. 1983) . For microscopic identification and quantification of phytoplankton, raw water samples (1 L) were placed into brown glass bottles and fixed immediately with 15 mL of Lugol's iodine solution in situ. Phytoplankton species was identified by using a stereoscopic microscope according to a handbook (Hu and Wei 2006) . Algal biomass (mg/L) was calculated by the amount of single-cell organisms (mg/cell) multiplied by cell abundance (cells/L).
Arsenic has a volatile nature, and the quantity of SPM in lakes is typically not enough for further analyses and may lead to poor or erroneous results. More importantly, Geng et al. (2015) reported that the As blank in a cellulose acetate Fig. 1 The study area showing sampling locations in Lake Taihu, Chaohu, and Dianchi membrane could be as high as 1.6 μg/g. To overcome these shortages, the As sorbed in SPM (μg/g) in the present study was indirectly calculated by incorporating the total (unfiltered raw water sample) and dissolved As contents (filtered water sample) and the SPM concentration (solid residue, >0.45 μm) at each site, as presented in the following equation:
Quality assurance and control
All glassware tubes were soaked in 10 % HNO 3 at least 40 h, washed, and rinsed at three times with deionized water before use. All reagents used during the analytical procedure were of analytical grade or higher. For each digestion batch, standard reference material, 16 % replicates, and 2 analytical blanks were used as the quality assurance and quality control (QA/ QC) procedure of the analysis. Reference of simulated natural water (GBW(E)080390) was used to verify the accuracy of the analytical method. The recoveries for As ranged from 89.1 to 113.3 %, with a mean value of 101.8 %.
Statistical and spatial analyses
Statistical analyses were carried out using SPSS v.11.5 (SPSS Inc., Chicago, USA). Correlations were evaluated using the bi-variation method to test the inter-relationship among the different parameters in the water samples from each site. To analyze spatial variability, interpolation mapping was performed using inverse distance weighted method in ArcGIS 9.30 (Environmental Systems Research Institute Inc., Redlands, CA, USA).
Results
General water characteristics
Superficial waters from the three lakes were slightly alkaline at all sampling sites (Table 1) . In Taihu, samples analyzed in winter had a mean pH of 8.3 (ranged from 7.9 to 8.5), and in summer, the pH was between 8.3 and 9.4. The average pH values in lakes Chaohu and Dianchi were 8.4 and 9.2, respectively. The water temperature in Taihu exhibited strong seasonal variations, from 5°C in December (winter) to 25°C in June (summer). In Chaohu, the temperature was 28°C in July and 23°C in Dianchi in September. Moderate mean dissolved oxygen concentrations ranged from 97 to 111 % in the three lakes and were at a maximum value (152 %) in Dianchi. In Table 1 The basic water monitoring parameters and arsenic concentration of the three lakes Lake Sampling time Water parameter
As concentration Taihu, DO, Chl-a, and pH varied in slight seasonal differences, with levels higher in winter than in summer, while the reverse was observed for pH, TP, and TN (Table 1) .
Total and dissolved As
The total and dissolved As concentrations in the three lakes were, on average, below 6.0 and 3.3 μg/L (Table 1) . Total As in Lake Chaohu (5.9 μg/L) was the highest of the three lakes, but only slightly greater than that in Dianchi. However, dissolved As in Lake Dianchi appeared to be much higher than those in the other two lakes. The concentrations of both total and dissolved As were at a minimum in Taihu in the winter (1.3 and 0.6 μg/L, respectively). The concentration gradients within each sampling site were interpolated to visualize the spatial variation of As in three lakes (Figs. 2, 3 , 4, and 5). Total and dissolved As had similar spatial distribution patterns. Both had hot spots, decreased moving towards the southwest in Gonghu Bay and increased moving south in Meiliang Bay in Taihu in the winter (Fig. 2a,  b) . Arsenic concentrations throughout Taihu in the summer were quite stable, with slight fluctuations (Fig. 3a, b) . The total As concentrations in the center of Chaohu were higher than those along the edge, whereas the dissolved As rapidly decreased in the east (Fig. 4a, b) . For Dianchi, total and dissolved As were most highly concentrated in Caohai and decreased to the south in Waihai (Fig. 5a, b) .
Arsenic in SPM
The particulate fraction was often abundant in the studied area ( Table 1 ). The SPM concentration ranged between 14.7 and 76 mg/L and 15.6 and 97 mg/L in winter and summer in Taihu, respectively. In Chaohu and Dianchi, the concentration ranged between 1.6 and 106 mg/L and 1.0 and 81 mg/L, respectively. The As absorbed in SPM (SPM As ) was determined by Eq. (1) using the available data. The highest mean value was observed in Dianchi (516 μg/g), followed by Chaohu (216 μg/g) and Taihu (112 μg/g in summer and 25 μg/g in winter). The distribution of SPM concentrations and total As in SPM are shown in Figs. 2, 3, 4 , and 5. In general, the spatial variation of SPM had a slightly reversed trend as compared with the As in SPM (Figs. 2c, d ; 3c, d; 4c, d; and 5c, d).
Phytoplankton
In the three lakes, a total of 7 phyla and 79 species were identified: Chlorophyta (47), Bacillariophyta (18), Cyanophyta (10), 5 species belonging to Cryptophyta and Euglenophyta, and 4 other species. Cell abundances in Lake Taihu in summer were the highest, followed by Dianchi, Chaohu in summer, and Taihu in winter. Biomass concentrations decreased in the order of Dianchi, Taihu, and Chaohu (Table 2 ). The average biomass at each sampling site was 5.6 and 3.5 mg/L in Taihu in winter and summer, respectively, while the cell abundances were 2.3 × 10 7 and 14.9 × 10 7 cells/L, respectively. This difference was primarily due to the intense proliferation of Bacillariophyta in the winter, since the single-cell biomass of this algae was much larger than the others.
In Taihu, the algal abundance varied greatly between two seasons, with 70.9 % Cyanophyta and 22.8 % Bacillariophyta in winter, while 99.6 % Cyanophyta in summer. For algal biomass, Bacillariophyta was the dominant in winter, with 79.6 % of the total, while Cyanophyta prevailed as 86.0 % in summer. In Chaohu and Dianchi, the cell abundance patterns obtained in summer were equivalent to that in Taihu at the same season, with Cyanophyta having an absolute advantage. In Chaohu, Cyanophyta, Chlorophyta, and Bacillariophyta comprised only 30.0, 34.4, and 23.7 % of algae biomass, while the algae biomass of Dianchi was composed with 64.3 % Cyanophyta and 22.1 % Chlorophyta. Since Cyanophyta was the dominant phytoplankton group, and it was therefore selected to further analyze the spatial biomass distribution in the lakes (Figs. 2, 3, 4 , and 5e). The distribution of Cyanophyta was consistently lower in north Meiliang Bay in Taihu, while Cyanophyta was in high spots in the northern regions of Chaohu and Dianchi.
The correlation between As in water and SPM
The total As in water and total As SPM were positively correlated in all three lakes (R 2 > 0.735) (Table 3) , while no correlations was found between dissolved As concentrations and As in SPM (SPM As ). In addition, the total As in water also demonstrated a positive relationship with As in SPM (R 2 > 0.546). A strong positive correlation was found between the total and dissolved As in Dianchi (R 2 = 0.852), while a weak negative correlation was observed between SPM contents and As in SPM (R 2 between −0.208 and −0.667). Cyanophyta had a positive relationship with total algae in Taihu in summer, so did in Chaohu..
Discussion
Lakes Taihu, Chaohu, and Dianchi, which are the most seriously polluted in China, covering large surface and shallow depth, bottom sediments are easily resuspended, the partitioning and behavior of As in surface water thus are most sensitive and complicated to every change in water conditions (Baeyens et al. 1998) . In this work, the general water characteristics of the three lakes were similar in summer, while the total and dissolved As concentrations in the three lakes were, on average, below 6.0 and 3.3 μg/L (Table 1) . This is consistent with the previous reports of Zhang et al. (2013) , who reported that the concentration of As in water and sediments in Lake Taihu was 1.39-5.65 μg/L and 4.66-10.85 mg/kg, while the value for Lake Dianchi was 3.08-10.48 μg/L and 12.49-169.25 mg/kg, respectively. It is interesting to note that high significant positive correlations found between total As in water and SPM (R 2 = 0.735-1.000), but relatively weaker Fig. 4 Interpolation mapping in Lake Chaohu. a Total As (μg/L), b dissolved As (μg/L), c SPM contents (mg/L), d As concentration (μg/g) in SPM, and e biomass of Cyanophyta (mg/L) correlations existed between total As and dissolved As (R 2 = 0.208-0.852). The above phenomena suggest that As might tend to be adhered more to particles when lacustrine As concentrations were high. A significant seasonal variation was observed in the As concentrations of Lake Taihu (Table 1) , where both the total and dissolved As were higher in summer than in winter. These trends in As occurrence and distribution in lake waters have also been previously reported (Hasegawa et al. 2009 (Hasegawa et al. , 2010 Barringer et al. 2011 ). In the summer, As was released to the bottom water layer from sediments under anaerobic conditions. In winter, Fe/Mn oxides can adsorb As, and the complexes settle back into the sediments (Kuhn and Sigg 1993; Hasegawa 1997; Harrington et al. 1998 ). However, the SPM contents and the spatial variation were similar in both seasons of Taihu (Figs. 2c and 3c ). This is thought to be mediated by the prevailing north-eastern winds throughout the year, and SPM hot spots could be observed in the downwind direction of the study area.
The As in water in the three lakes were low and generally in the same order of magnitude, and SPM contents between the lakes also showed little difference, whereas As in SPM in Dianchi was much higher than those in Taihu and Chaohu. This is consistent with the much higher proportions of Algae in SPM in Dianchi than those in Taihu and Chaohu (Table 2) , suggesting again biota compositions in these eutrophicated lakes played important role in As accumulation in SPM. In lake Taihu, the SPM contents were observed only in minor changes, in contrast with the fact that As in SPM in summer was much higher than that in winter. The proportion of Cyanophyta in the total algal biomass in winter (5.7 %) was much less than that in summer (86 %), which is in accordance with As in SPM (24.7 and 113 μg/g, respectively), suggesting Cyanophyta might play vital role on As in SPM. A previous study also reported that the total suspended particulates in Dianchi were composed by 80 % organic suspended matter (OSM), being primarily biota in lake Dianchi (Shi et al. 2010) . The positive correlations between biomass of Cyanophyta with As in SPM in summer Taihu and Chaohu further enhance this idea (Table 3) .
TLI, an index for assessing eutrophication through chlorophyll, TN, and TP, was calculated for Taihu and Chaohu using the equation of OECD (OECD 1982) . The average TLI values in Taihu and Chaohu were 122 and 120, respectively, which is greater than 70, the threshold for hypertrophic status in a lake (Wang et al. 2002) . Only total P was available in Dianchi, and therefore, a single factor-based index with total P, which also indicated a hypertrophic status. Martin and Pedersen (2002) also found that eutrophication resulted in As increases in lakes; this is consistent with our results. During an algal bloom, P V may be in short supply, and phytoplankton may actively absorb As V Table 2 The phytoplankton cell abundance (CA, %) and biomass proportion (BM, %) in three lakes B-^indicates that no data are available.
B√^indicates that this kind of algae could be observed, but very few a Calculated by the ratio between average contents of SPM (mg/L) in Table 1 and biomass of algae contents in Table 2 in its place because of the similarities between As V and PO 4 3− (Hellweger and Lall 2004) . The adsorption of dissolved As onto particulate phases has been widely studied, and most of the reports claimed that inorganic iron oxides and hydroxides in SPM had high adsorptive capabilities (Sharma and Sohn 2009) . However, in the present study, the much higher biota compositions in the SPM in the three lakes with hypertrophic status of eutrophication might probably undermine such capabilities.
The partition coefficient, defined as Kd (mL/g) = As sorbed in SPM (μg/g) / dissolved As in waters (mg/L), can provide empirical information on the combined effects of heterogeneous reactions such as adsorption, desorption, and precipitation (Turner 1996) . The Kd values (As) in the present study (43-157 × 10 3 mL/g) were much higher than most Kd values in freshwaters from the literature (e.g., East-Hainan estuaries (China) 30-65 × 10 3 mL/g (Balzer et al. 2013) ; Gironde estuary (France) 5-11 × 10 3 mL/g (Masson et al. 2009 ); Humber Plume Total As, dissolved As, and total As SPM indicate total and dissolved As in water and total As in SPM, respectively, while SPM represents the contents of SPM in water and SPM As represents As adhered in SPM. Total As SPM was the reduction of total and dissolved As in waters, while SPM As was calculated by SPM As = Total As SPM /SPM Correlation is significant at the *P < 0.05 level and **P < 0.01 level (England) 2-25 × 10 3 mL/g (Millward et al. 1997) ). The main differences to these Kd values might be due to many reasons, such as the higher SPM contents, and the lower concentration of organic matter in the SPM in literature reports than this study (Balzer et al. 2013) , etc. More information on As in phytoplankton and other fractions in SPM in the eutrophicated lakes is needed to clarify the exact role of biota on the partitioning of As between the aqueous and particulate phases.
Conclusions
The total and dissolved As in water as well as SPM contents in the three large shallow lakes in China, e.g., Taihu, Chaohu, and Dianchi, were generally low and in the same magnitude order, while As in SPM differed greatly, with that in Dianchi being much higher than those in Taihu and Chaohu, consistent with the much higher proportions of biota in Dianchi than those in the other two lakes. Arsenic tented to be adhered to SPM, largely due to the hypertrophic status in eutrophication of the three lakes. Phytoplankton in these lakes can take up As in addition to phosphate; this biological activity can be intensified by eutrophication, producing significant effect on As cycling in the aquatic systems. SPM in these large shallow hypertrophic state freshwater lakes are quite complex in composition, with large contribution of biota, the role of this biota on As partitioning between aqueous and particulate phases was seen in this study; however, the exact roles of various inorganic and organic compositions in the SPM on As adsorption-desorption are needed to be clarified in future studies.
